ABSTRACT: In previous installments it has been shown how a detailed analysis of energy fluxes induced by electronic excitation of a solute can provide a quantitative understanding of the dominant molecular energy flow channels characterizing solvation-and in particular, hydration-relaxation dynamics. Here this work and power approach is complemented with a detailed characterization of the changes induced by such energy fluxes. We first examine the water solvent's spatial and orientational distributions and the assorted energy fluxes in the various hydration shells of the solute to provide a molecular picture of the relaxation. The latter analysis is also used to address the issue of a possible "inverse snowball" effect, an ansatz concerning the time scales of the different hydration shells to reach equilibrium. We then establish a link between the instantaneous torque, exerted on the water solvent neighbors' principal rotational axes immediately after excitation and the final energy transferred into those librational motions, which are the dominant short-time energy receptor.
I. INTRODUCTION
In previous contributions (Refs. 1,2, hereafter denoted I and II respectively), we presented a novel perspective to address the time-dependent frequency shift that results from electronic excitation of a chromophore in solution, typically termed "solvation dynamics". [3] [4] [5] [6] [7] [8] [9] [10] [11] This approach involves the computation of the nonequilibrium energy fluxes induced by the initial electronic excitation of a solute, a methodology previously implemented for vibrational/rotational relaxation. [12] [13] [14] Its central merit is its ability to provide unambiguous quantitative information about the participation of each solvent molecule, information which can be further combined to discuss the participation of groups of molecules (hydration/solvation shells) or modes (vibration/rotation/translation). Its first application to solvation dynamics in I was to the classic idealized model system of an initially neutral monatomic solute in water which instantaneously acquires a positive/negative unit charge. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In II, the formalism was extended to the general case, for which both excited and ground electronic states of the solute are characterized by finite charge distributions.
I and II provided the first quantitative estimation of the participation of each water solvent molecular mode (vibrations, librations, i.e. hindered rotations, translations) and each ionic hydration shell. After the initial excitation, water molecule librations channel approximately three fourths of the substantial initially created Coulomb energy perturbation (vide infra), while translations account for the rest, with the water vibrations playing a negligible role. In addition, the rotational/librational energy flow proceeds in a nonsymmetric fashion in the principal axes, with rotations around the axis parallel to the molecule's H-H axis accounting for most of the energy flow 1 (its share fluctuates in the environ of ∼ 75% of the energy transferred, depending on ionic charge and hydration shell considered). Finally, the expected dominant role of first hydration shell molecules was explicitly established, with roughly two thirds of the total energy flowing directly into the molecules closest to the newly formed ion. This short account reflects that the focus so far has been on identifying the main energy flow channels for relaxation. In this contribution, we shift the focus to the scrutiny of how the substantial energy fluxes that they entail-of up to ∼ 10 kcal/mol per molecule, for the closest water molecules-translate into structural changes, which can be rather dramatic for the aqueous systems studied. Indeed, acquisition of a net charge by the solute will surely result in major reorientation and center of mass shifts for the water molecules in the solute's immediate vicinity and beyond, due to the well-known substantial hydration layer structural differences for ions and neutral solutes (see Fig. 1 for an illustration). Such changes will take place over extremely short periods of "This document is the unedited Author's version of a Submitted Work that was subsequently accepted for publication in Journal of physical chemistry B, copyright © American Chemical Society after peer review. To access the final edited and published work see: http://pubs.acs.org/doi/abs/10.1021/acs.jpcb.6b11805." time, during which a substantial amount of Coulomb energy is redistributed, of the order of 100 kcal/mol. For example, ≈ 70% of the relaxation is over in a time of ∼ 20 fs.
1 Not all solvent molecules will respond on the same time scale, since the forces and torques generated by the electronic transition will differ, and it is of interest to characterize these aspects on a molecular level.
In the present effort, we will first seek a molecular level mechanistic understanding of the substantial structural rearrangements that take place in the water solvent. The unfolding of the orientational and positional changes after electronic excitation can be monitored through inspection of the time dependence of the radial distribution function (g(r)) and similar functions that characterize orientational correlation, which provides a more visual perspective on the problem of solvation dynamics. We will find though that, informative as such analysis is, an energy flow analysis provides a more explicit description of the different molecular motions involved, i.e. the translational and librational water solvent motions and their dependence on the solute hydration shell. The first half of the present work will be devoted to these issues.
There is an interesting further related aspect-directly connected to the spatial and time sequence of the aqueous solvent relaxation-that we address at the end of the first half of this contribution, which we now motivate. The typical expectation is that those molecules subject to a lesser perturbation, and therefore further away from the solute, would equilibrate more readily. However, how the time scale for solvation relaxation depends on the distance from the solute is in fact a topic that has received much attention. Probably the important motivation here came from a well-known comment by Onsager, suggesting that the solvent electric polarization structure around an electron might proceed from outside in; in this "inverse snowball effect" (ISE), it is the less perturbed molecules that would adjust more rapidly. To the best of our knowledge the ISE has not been found computationally for atomic/molecular solutes in water, although there were some initial computational hints, 27, 28 followed by a number of theoretical discussions arguing against the ISE in polar solvents, e.g. see Refs. 29, 30 . In fact, a computational study of relaxation in liquid tetrahydrofuran, 31 appears to have found the opposite, "snowball" effect (see reference 51 of Ref. 31) , supporting a prediction made for systems dominated by translational relaxation. 29 The absence of an ISE was found for simulated acetonitrile 32 and for Stockmayer fluids, 33, 34 and its existence strongly argued against in a simulation study of idealized Brownian dipole lattices. 35 The last reference did however point out the impossibility of disentangling the contribution of the different shells, from a standard, time correlation function formalism standpoint. The energy flux formulation avoids such cross-correlation complications, and will be used to shed light on the ISE question for water by an investigation which necessitates a careful study of the long time scale solvent relaxation.
In the second half of this contribution, we will return to a special important aspect of the shorter time behavior, the water molecular axis rotational excitation. Here again, energy fluxes are particularly informative. In particular, we will see that these fluxes suggest that there is an intimate connection between the afore-mentioned asymmetry between energy channeled through rotations around each principal axis, and an initial asymmetry in the respective torques at the time of excitation. This connection will be supported and characterized in detail through the analysis of a substantial range of excitations. The outline of the remainder of this paper is as follows. In the Section II, we briefly summarize the systems and parameters used in the simulations. The characterization of the water solvent spatial arrangements and analysis in terms of rotational and translational energy fluxes in different hydration shells of the electronically excited solute is addressed in Section III; the issue of the ISE is also examined here. Section IV explores-for the dominant short-time energy flow to water librations-the connection to the differing initial hydration shell structures for the solute whose charge will be changed in the excitation. Finally, we discuss the basic findings in Section V.
II. METHODS
In this contribution we will keep the same basic models as in I, with the limitation (as in II) that, given the negligible contribution of internal solvent vibrations reported in I, we consider only the (rigid) SPC/E model 36 for the solvent water molecules. For the solute, the model is taken (as in I and II) from Tran and Schwartz, 23 where the water-solute interaction consists of a Lennard-Jones interaction identical to the water-water LJ interaction, plus Coulomb interactions which depend on the solute charge. (We refer to I for comments on dipolar solutes and the present model's neglect of solute and solvent polarizability.
1 ) All simulations have been run with an inhouse code for one solute and 199 water molecules, with a cut-off distance of half the box length, and with the Ewald sum correction implemented for Coulomb forces. Equilibrium and nonequilibrium simulations have been run depending on the topic under discussion, and specific details will be provided when required. Most of the results correspond to nonequilibrium simulations, which consist of a long trajectory from which initial configurations are sampled. These configurations are used for independent separate nonequilibrium runs, where the solute charge is changed at t = 0, and along which the quantities of interest are calculated. Temperature control is maintained 37 during the generation of initial configurations, and turned off at the start of each non-equilibrium trajectory.
As in our previous contributions I and II, we separate the contribution of the different hydration layers. We recall that the first shell has been defined as enclosing all water molecules up to a maximum distance of 3.9Å, a radius which on average contains roughly eight water molecules (irrespective of the solute's charge), and for the second shell the distance chosen is 6.0Å (see I for a detailed discussion of the rationale for these choices).
III. STRUCTURE AND ENERGY FLUXES
A. Structural changes after solute electronic excitation
We start by examining the substantial structural changes that take place after the electronically induced charge change in the solute. To guide this search, we display in Figure 2 the nonequilibrium solvation relaxation function S(t), Eq. 1, i.e. the object amenable to experimental measurement, which is directly related to the solute time-dependent fluorescence emission frequency shift after the initial electronic excitation. As in I, we focus on a neutral monatomic solute that acquires a unit (positive or negative) charge, i.e. two systems with rather extreme changes in charge distribution. We recall that, for such systems, the normalized frequency shift function S(t) can also be expressed as the normalized and shifted version of the total ion-water Coulomb energy (V c (t)), i.e.
where δhω corresponds to the instantaneous frequency shift from its vacuum value, and the overbars indicate a nonequilibrium average over trajectories. Finally, it is convenient to reorder terms and write S(t) in terms of the newly-created ion-water Coulomb energy variation
which provides a direct connection to the Coulomb interaction variation. Figure 2 shows that the solvent relaxation is extremely fast: roughly 90% of the decrease has taken place in less than 0.5 ps, a time lapse during which marked oscillations can be observed, particularly for the positive ion. These oscillations display the same period in both cases, therefore signaling intrinsic features of the solvent dynamics. Indeed, they constitute the fingerprint of a common extremely efficient energy transfer into librational motion, as was first quantitatively shown in I, and to be discussed here in more detail. For the moment we just note that it is the high frequency water librations that are playing a significant role, as inferred from the oscillation period, which from Fig. 2 is ∼ 0.04 ps, i.e. ∼ 800 cm −1 . In order to obtain a mechanistic understanding of how this fast energy transfer translates into structural changes within the water solvent, we first turn to inspection of standard functions that characterize positional and orientational order. Since these will now be time-dependent, we select the times at which they will be computed being informed by the S(t) behavior. The vertical lines in Fig.  2 denote the values chosen, although results will only be shown for a limited subset. Figure 3 displays the results for the radial distribution function g(r) characterizing the distribution of the monatomic solute-water center of mass distances. The main feature in connection with time scales is the remarkably slow onset of positional changes: even after S(t) has already decreased to less than 30 % of its initial value (0.06 ps), there is hardly any signature of the first strong peak-located at ∼ 2.9Å for the cation, 2.6Å for the anion-that will characterize the final equilibrium ionic hydration. A second aspect to note is that, as seen for example by comparing the curves for 0, 0.8 and 1 ps, the later stages are characterized by almost imperceptible changes, with which the system inches to its final equilibrium configuration. We will see in Sec. III B that these subtle changes play an unexpected central role in relation to the ISE issue.
The results for the solvent water molecular orientational changes are displayed in Fig. 4 . As is standard, the orientational order has been characterized by the angle θ between the water center of mass-ion vector and the water dipole, sketched as an inset in Figure 4 (a). In contrast to the positional order, the water molecular orientation displays an extremely fast response to the newly created charge. It is remarkable that, starting from an almost flat distribution centered at 90
• , and after just 0.02 ps (the first time analyzed, and coincident with half the period of high frequency librations), there has been a dramatic swing of θ for all the distances displayed. This is particularly true for the positive ion case in Fig. 4(a) , for which the angle exceeds the final value in the 1 ps interval almost for every distance, while for the negative ion this initial swing roughly equals the final equilibrium value if oscillations are averaged out. Actually, the main difference between the final equilibrium angle and that after only 20 fs is simply the lack of an oscillatory behavior for the latter: in effect, the subsequent time evolution just serves the purpose of reaching a more nuanced angle distribution, without changes comparable to the initial jump. It is interesting to note that the approach to equilibrium is underdamped, Fig. 5 displays, for the solute excitation process q = 0 → q = +1, a more fine-grained short time evolution reaching only up to 0.08 ps, i.e. two full high frequency librational periods, with two samples per period. It can be seen that the curves oscillate back and forth during this time, and that the final oscillatory behaviour is not yet visible. This underdamped behavior in the orientational structural picture explains the high frequency ripples of S(t), which as we have already stated are to be associated with librations.
B. Normalized energy fluxes
The previous subsection's discussion employed the conventional time-dependent versions of the equilibrium staples for configurational order analysis. We now go beyond these to the analysis of energy fluxes, first summarizing their relation to the solvation dynamics issue (I and II provide more complete accounts). For our initially neutral solute, rigid solvent systems, this consists of the simple formula for the nonequilibrium averaged variation of the Coulomb energy
With Eq. 2, this equation directly connects the frequency shift functions to the work performed on the solute and 5 water solvent degrees of freedom. Here and in the following we suppress the overbar notation for notational ease. This energy variation simply transforms into work on solute translations (W T solute ), solvent translations (W T i , with i denoting water molecules), and solvent hindered rotations (W R i ). These contributions are easily computed during the simulation since they result from the time integrals of the force times the center of mass velocity for translational work, or the torque times angular velocity for rotations. These work contributions refer exclusively to ion-water Coulomb interaction, and do not include the rest of Coulomb interactions (nor non The figure shows that after short lived initial transients, equilibrium is characterized by the several plateaus indicating that 78.6 % of the total energy transferred is channeled to librations of the water molecules neighboring the solute, with a much less important transfer into translations of the solvent waters (18.6 %), and only 2.8 % taken up by the now ionic solute's translational motion. Similar results are found for a created negative ion (not shown): librations 72 %, translations 21.5 %, and 6.5 % to ion translations. The picture of the overwhelming role of transfer into librations is very robust, with only minor variations (other charge changes have been explored with similar results, see II).
We have determined that the hydration shelldependent information on the flux results can be very usefully presented in a form which emphasizes time scales. In particular, we will compare the preceding timedependent work contributions after they are normalized by fixing a unit value for their respective plateaus. This makes evident whether there exists a definite difference of time scales for the various contributions to the work exerted on each hydration shell. Somewhat surprisingly (at least initially), such an analysis requires simulation runs substantially longer than e.g. that shown in Fig. 6 , which seems to show that equilibrium has been attained in ∼ 1 ps. But in retrospect, this requirement for the establishment of equilibrium for more restricted spatial regions in Figs. 3 and 4 is consistent with the long times that can be associated with the full completion of structural equilibrium in water.
38,39 Thus, our nonequilibrium trajectories will be taken to be 10 ps long, with a time step of 2 fs, and the associated results will be averaged over 20 independent runs, each including 5000 trajectories. Finally, all work functions will be normalized to their average value for the last 0.5 ps, i.e. within the interval [9.5,10] ps. Figure 7 displays the total normalized contributions to the work on rotation and translation of the water solvent for both excitation-induced solute charge change cases. It can be seen that the time scale for energy transfer into translation is longer than that for transfer into librations. This is particularly evident for the created positive ion, with a non-monotonic behavior for translations. The produced anionic solute case exhibits a smaller difference, although a delay between the two transfers is still clearly visible for times shorter than 1 ps. But a much richer picture emerges if the total contributions of the work on translations and rotations are decomposed into their contributions from different hydration shells. The results for the positive ion case are displayed in Fig. 8 , with both panels having the same vertical range, so that the time scales can be directly compared. The most remarkable aspect revealed in Fig. 8 -and a main result of the present contribution-is that the translational work time scales (panel (a)) show a well defined dependence on hydration shell: the work on the first shell molecules (red curve) has the faster decay towards its normalized value at 10 ps, followed by the work on the second shell molecules (blue curve) and, finally, the most slowly decaying work on the rest of the solvent. We pause to remark that this plot also illustrates why long trajectories are required to uncover these features: even our 10 ps long trajectories are not sufficient to reach full equilibrium, as saturation has not been fully reached, but our goals neither include nor require the absolute time scales for the full equilibration. Turning to the water librations in panel (b), a message similar to that for translation is conveyed but it is considerably muted. The least ambigu- ous aspect might be that the work on the water molecules beyond the second shell has a slightly longer time scale. Figure 9 shows that these basic patterns also hold for a solute excitation producing an anion. We again see a clear trend for the work on translations, with the energy transfer to the outer water molecules being the slowest, and again slightly slower energy transfer into water librations in the outer shells. All the differences for the anionic solute case are less marked than for the positive ion solute case, as indicated by the fact that the Fig. 9 vertical scale has a smaller interval compared to that of Fig. 8 . These smaller differences were to be expected from the behavior displayed in Fig. 7 .
To summarize, our energy flux results-which do not suffer from the cross terms that complicate time correlation function analyses-clearly indicate that, in response to charge changing excitations for a solute in water, a difference in time scales between the different hydration shells indeed exists. This effect is essentially confined to the water translations, which is the minority channel for aqueous solvation energy relaxation -and to a much lesser extent to the water librations, whose work contributions display a much less dramatic distance dependence, with a first hydration shell relaxation rate slightly faster than the second and remaining hydration shells. The direction of the differential hydration shell behav-ior for translation-longer time scales for outer shellscould be termed a snowball effect, rather than the extensively discussed inverse snowball effect. Finally, since most of the excess energy is channeled through rotations, the present problem does not seem to conform with the theoretical prediction 29 of a snowball effect being associated to processes dominated by excess energy transfer to translations.
IV. ROTATIONAL WORK AND INITIAL TORQUE A. Principal axes asymmetry
The last portion of Sec.III fastened on the long time behavior for the water solvent response, which we found to be controlled by translations in a subtle fashion. But as shown e.g. in Fig. 6 , the short time energy flow into water librations overwhelmingly plays the dominant role in the solvent relaxation.
Here we address an intriguing feature of that dominant energy flow which is in fact determined by structural effects, the basic theme of this work. The energy flow analyses in I and II revealed that when the solute electronic excitation-induced work on the water librations was partitioned among principal axes of the solvent water molecules, most of the energy was found to be channeled through hindered rotations around the axis (through the center of mass) parallel to the H-H axis between the hydrogens of the molecule; this is the x axis in Fig. 10 (see the inset for axes definition). An illustrative example is displayed in that same Figure, corresponding to the very small solute negative charge creation process q = 0 → −0.1. Similar plots can be found in I, corresponding to a final charge one order of magnitude larger, i.e. q = 0 → −1 (see Fig. 10(a) in I) , or with opposite sign (q = 0 → 1, Fig. 9(a) in I) . These observations uncover two related and unexpected features: a remarkable asymmetry between principal axes (with a dominance of the x axis), and a surprising independence of this effect on the charge magnitude and sign of the newly created solute charge.
Since the solvent's hydration structures differ dramatically for anions and cations, with a water's dipole moment typically pointing in roughly opposite directions (see Fig. 1 for a qualitative view, and Fig. 4 for a more quantitative perspective), one would expect that any asymmetry should depend on the solute's charge sign and be heavily influenced by its absolute value as well. It is thus puzzling that none of these factors seems to play a significant role. An explanation along the lines that energy transfer should be faster into axes characterized by a lower moment of inertia has already been discarded in I, since there is no well-defined order: most of the work is channeled through the x axis (smallest moment of inertia), followed by the z axis (largest), and with a minor transfer into rotations around the y axis (intermediate). Before proceeding, it should be kept in mind that in all the examples discussed the water solvent starts from an equilibrium configuration characterized by an uncharged solute, and the puzzle might be specific to this particular case. The initially neutral case has been the workhorse for most ionic solvation relaxation studies. Of course, this choice is a reasonable one for a monatomic solute, since it corresponds to the loss or acquisition of an electron. Nevertheless, we will explore other (fractional) charge changes to assist in the resolution of our puzzle. This is of some interest in connection with molecular solutes, where electronic excitations can be modeled in terms of accompanying changes of (fractional) site charges.
B. Torque-energy flux connection
The basic observation that will guide our analysis is that the asymmetry-in which the energy flow is through water librations around the water molecular x axis parallel to the water's H-H axis (cf Fig.10 insert) -is evident from very short times, and extends monotonically to longer times, i.e. without crossings among the curves corresponding to the work on each of the axes; Figure  10 furnishes a fair illustration of the generic behavior found in all the cases analyzed. These features suggest an important potential connection with structure: that the final outcome reflecting these features may be to a significant extent due to a structural asymmetry in the solvent present from the very beginning, i.e. before the charge-changing excitation. And since the work on a water molecule's hindered rotation results from the scalar product of torque times angular velocity, the relevant driving "initial plus" (IP) torque might be directly related to this driving factor. By IP torque we mean the torque on the water solvent molecules produced at time t = 0+ by the charge generated by the excitation in the solute but with those solvent molecules still in their spatial configurations existing before the excitation at time t = 0. In brief, this is the torque arising from the immediately post-excitation solute charge interacting with the water molecules in their pre-excitation configurations. For example, the IP torque is that experienced by the water solvent molecules in their t = 0, uncharged q = 0 solute, equilibrium distribution of configurationsfor which there is obviously no Coulombic torque-but now subject to the instantaneously newly created at t = 0+ finite solute charge. There can now be an average torque in the presence of this charge. But note that the IP categorization refers to a time t = 0+ such that the water molecules have no time to react to the torque now experienced. For cases where the solute has a finite charge before the excitation, there will be individual torques on the waters (exerted by the ion); now the IP torque would refer to the total torque (again, exerted by the ion) on the water molecules which were still in their pre-existing configuration determined by the new excitation charge in the solute. Indeed, such a relation would immediately explain that results quoted at the beginning of this Section are largely independent of sign: once an ion is created, the absolute value of the torque's projection on each principal axis will be already determined by the solvent's molecule's pre-existing equilibrium distribution set by the vanishing pre-excitation charge, and thus be independent of a change of the newly created ion's charge sign. A similar reasoning would account for the non-dependence on the produced ionic charge's absolute value in the cases described above: in general, a modest increase would just produce a larger modulus for the torque, but would not change the relative proportions among the torques for the water molecule's three principal axes, since the water molecule's distribution was previously established by the pre-existing zero charge.
We thus proceed to ascertain if indeed there is a correlation between the IP torque on a given principal axis and the final rotational work channeled through it. All of the previous examples correspond to a process characterized by a solute charge change of the type q = 0 → q . We now want to probe into a larger set, also allowing for a pre-excitation charge q different from zero, i.e. q → q . The corresponding parameter space to explore is not as large as one might initially estimate. In the simple case of a monatomic solute, and as previously noted, the torque the ion exerts on a given molecule is obviously proportional to the ion's charge. Therefore, since we are only interested in, and will calculate, the relative weight of the IP torque's projection on each principal axis, the actual value of q is irrelevant. We thus only need to concern ourselves with selecting a certain range for the pre-excitation charge q determining the solvent's initial equilibrium distribution (we take q ∈ [−1, 1]), and compute the IP torque for an arbitrary newly created charge (q ); this IP torque is calculated before the water molecules can react to the IP torque. To be more specific, for a given value of q a long equilibrium simulation is run during which, at sufficiently separated times, we compute the torque exerted on its neighbors if this charge would be instantaneously switched to q (a different, positive or negative charge). Again this computation is effected before the water molecules can react to the IP torque. As indicated above, we are concerned with the IP torque magnitudes. The normalized projections of this IP torque on each molecule of the solute's first hydration shell -defined as its closest eight water moleculesare subsequently averaged, which results in the following convenient set of three indexes
where τ α denotes the projection of the molecular torque on principal axis α. Figure 11 displays the results obtained for all three indexes as a function of initial, pre-excitation charge. The first aspect to notice is that indeed a clear-cut order exists for all cases, i.e. the average values for each component are not identical for any value of the solute's initial charge q. We first consider the case q = 0 for the pre-excitation charge, which corresponds to almost all the instances discussed in I and II. We observe that the ordering of axes is indeed identical with that found in Fig. 10 for the final channeled work contributions (even though here the final charge is +1 and in Fig. 10 it is -0.1). While at this point it is not possible to discard other factors, this strongly suggests that an extremely important factor determining the role of each principal water rotational axis comes from the value of the corresponding (new charge-induced) torque governed by the pre-excitation equilibrium water molecule distribution.
The next point of interest is that Figure 11 also takes a first step in addressing whether this strong correlation just discussed between the initial induced torque and energy channeled through each principal axis extends beyond the initially neutral solute to a larger set of preexcitation solute charges. It is seen in Fig. 11 that the x and z axis switch their roles in the neighborhood of q ∼ −0.5, with the y axis playing a secondary role in all cases. The x-axis dominance-and indeed the ordering of axes-for charges to the right of this threshold is the same that as that found for energy transfer in the neutral to charged solute examples discussed in I and II, and in Fig.  10 . But our calculations have now revealed that in some cases (q ≤ −0.5) the dominant torque is found for the z axis. Therefore an exacting test of the torque/channeled energy correlation can be made by checking whether a crossing between x and z axes is also found for the total energy channeled through each principal axis. This is now undertaken.
For our test, we will present the results of two different sets of charge excitation results. In the first set, we have focused on a subset of charge changes (averaging over sets of 500 trajectories), in which computations have Although it is obvious that details of the induced torque results in Fig. 11 are not reproduced quantitatively in Fig.12 , the patterns in both plots are qualitatively similar. The water y rotational axis contribution is in all cases a minority contribution, and a crossover from a dominance of the x axis to that of the z axis does occur, albeit for charges slightly lower that the Fig. 11 location at ∼ −0.5.
Our second test of final work contributions results in Fig. 12 is focused on the following issue. In contrast to the situation for the short time torque for the processes q → q with a generally finite pre-excitation solute charge q, there is no a priori reason to expect the final work for each water molecule rotational axis to be independent of the final charge q ; although the latter is created rapidly, the final work requires time to be established, as already illustrated in e.g. Fig. 8 . We especially illustrate this point for the important case of an initial neutral solute (q = 0) by including the final work results for the processes q = 0 → ±0.2, ±1, which in Fig. 12 are linked by vertical lines at q = 0 (note that the final charge q is Fig. 10 , which also defines the water axis system).
The squares correspond to the processes q → ±0.2, with the sign depending on, and the same as, the sign of pre-excitation solute charge q (see the text). Also included are the vertically arranged symbols for the fixed initial charge situation q = 0, corresponding to the excitation processes with different final solute charges q : q = 0 → q (diamond: q = +1; circle: q = +0.2; triangle: q = −0.2; inverted triangle: q = −1 ).
now covering the interval [−1, 1]). While there is clearly a non-negligible dispersion for each axis, the qualitative behavior of the final rotational work plateau values is robust with respect to these substantial variations. In short, the curves displayed in Fig. 12 while just a sample representing broader distributions, are seen to effectively be correlated to a considerable extent with the initial induced torque.
V. CONCLUDING REMARKS
We start by emphasizing the capabilities of the tool used here, i.e. the computation of nonequilibrium energy fluxes illustrated in the present context after a sudden solute charge change and the subsequent water solvent response. This tool facilitates a detailed analysis of the different contributions, both in terms of spatial distribution (hydration shells) and modes of motion (librations (hindered rotations)/translations, molecular principal rotation axes, etc.). This approach opens a new window on the subject of "solvation dynamics", as it provides for the first time highly detailed quantitative molecular level information, which among its attractive attributes numbers the lack of the obscuring complexity and ambiguity associated with the cross correlations present in time correlation function calculations. As such, it seems potentially as promising as in its application to vibrational 12,13 and rotational relaxation.
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In the present effort, the computation of the timedependent energy fluxes for water molecule hindered rotations and translation-together with the calculation of positional and orientational distributions-has easily uncovered the range of time scales involved in structural, i.e. orientational and positional, relaxation after an electronic charge-changing excitation of the solute. On the short time scales dominated by librational energy flow, the orientational order of the water solvent is roughly achieved in just half a librational period. For the longer time scale solvation dynamics, we have presented evidence supporting the notion of a fast librational relaxation operating over at least nanometer length scales (our approximate box size), which is fastest in the first hydration layer, accompanied by a slower and much more pronounced water molecule positional reordering which proceeds from a newly created ion outwards; this subtle "snowball" effect-which is the opposite of the oftendiscussed "inverted snowball" effect-has previously remained elusive.
We have also addressed the prevalence of energy transfer into the rotational axis parallel to the water molecule's H-H direction, a finding reported in I, a previously unnoticed feature uncovered via energy flux computations. Calculations and arguments have been presented indicating that this phenomenon reflects an structural asymmetry of immediate post-excitation torques on water molecules surrounding a monatomic solute. This structural effect is shown to be an important factor that conditions the rotational work through each principal axis, the work we have shown is the dominant water solvent relaxation channel in the solvent dynamics. These features emphasize the relation between the water solvent structure and energy flows, a central theme of this work.
